Abstract. The metabolic activity of hepatocytes cultured on homologous acellular matrix (HAM) and transplanted into rats genetically incapable of bilirubin conjugation (Gunn rats) has been investigated. Hepatocytes from Wistar male rats were seeded on HAM and cultured for 9 days, and the proliferation rate and albumin mRNA expression were assayed daily. HAM alone or HAM plus hepatocytes (cultured for 3 days) were implanted in a subcutaneous pocket of the dorsal region of Gunn rats. No immunosuppression therapy was used. Blood samples were collected weekly and rats were sacrificed 10 weeks after surgery. Hepatocytes cultured on HAM displayed a higher proliferation rate than those cultured on plastic, and albumin mRNA expression was detected in hepatocytes seeded on HAM, but not on plastic. Serum bilirubin concentrations did not differ from baseline values in both the sham-operated control and HAM transplanted rats. On the contrary, in rats transplanted with HAM plus hepatocytes, circulating bilirubin levels decreased from week 4-7, and then plateaued until week 10. Histology did not evidence signs of rejection, but only a mild degree of inflammation around the implanted patches. It is concluded that hepatocytes seeded on HAM and transplanted into Gunn rats are able to metabolize bilirubin for at least two months, without signs of rejection even in the absence of immunosuppressive therapy.
Introduction
Liver transplantation is currently the only well-established treatment for patients with acute or end-stage liver failure, and inherited metabolic disorders (1) . However, liver transplantation is still limited by organ availability (2) and, consequently, great interest has been developed in the field of cell transplantation and tissue engineering as an alternative to organ transplantation (3) (4) (5) (6) (7) (8) .
A number of issues concerning hepatocyte transplantation (9, 10) or their use in bioartificial livers (11) have attracted investigative attention during the past three decades. Early studies established that syngeneic hepatocytes can survive, proliferate and normally express several genes when transplanted in many ectopic sites, such as the spleen, peritoneal cavity and dorsal fat pad (12, 13) . However, progress in this area has been severely limited, especially because anchorage is needed for hepatocytes to survive (14) and the various available tested biomaterials are eventually degraded and resorbed (15) . Also the induction of inflammatory and/or fibrotic responses in the hosts interferes with the survival of hepatocytes transplanted in microcapsule barriers and neoorganogenesis settings (16) . Hence, several difficulties have to be overcome for the development of a satisfactory bioartificial liver device (17) , and efforts are ongoing to determine whether allogeneic hepatocytes can be immunoisolated in biomaterials to prevent rejection (18) .
Numerous factors have been proven to play a relevant role in preserving the viability and differentiated function of hepatocytes cultured in vitro, among which are the existence of active cell-cell interactions and cell-extracellular matrix contacts (19) (20) (21) . Many tissue-engineered devices have been proposed to provide structural and functional support to transplanted cells similar to that of the native tissue they should replace (22) . The culture configuration has been reported to have a major impact on cell differentiation, and the sandwich configuration appears to be the best one, because it promotes hepatocyte growth (23) and differentiated functions (albumin secretion, detoxification capacity, and bilirubin and urea metabolite clearance) (24) (25) (26) .
Hepatocyte transplantation has been studied in a number of animal models with liver-based metabolic disorders, including Gunn rats (27) (28) (29) (30) . The Gunn rat is an animal model of the Crigler-Najjar syndrome type 1, where the mutant strain of Wistar rats lacks bilirubin-UDP-glucuronosyltransferase activity and consequently accumulates toxic levels of unconjugated bilirubin (31) . The aim of the present study was to assess the metabolic activity of isolated rat hepatocytes cultured on homologous acellular matrix (HAM) in sandwich configuration, and then transplanted into Gunn rats.
Materials and methods
Animals and reagents. Adult male Wistar rats (250-320 g body weight) were purchased from Charles-River (Como, Italy), and Gunn rats from Harlan (S. Pietro al Natisone, Italy). Animals were maintained on a 12:12-h dark/light cycle at 23˚C, with free access to rat chow and tap water. The experiment protocol was approved by the local Ethics Committee for Animal Studies, and experiments were carried out according to the Italian Animal Act (Law 116/92). Tiletamine and zolazepam chloridrate were obtained from Laboratoires VIRBAC (Carros, France), and xilazine chloridrate from Bayer AG (Leverkusen, Germany). Hepato-STIM culture medium was provided by Becton-Dickinson Labware (Bedford, MA). 5'-Bromo-2'-deoxyuridine (BrdU), phosphate buffered saline (PBS), and all other chemicals and laboratory reagents were purchased from Sigma-Aldrich Corp. (St. Louis, MO).
HAM preparation. Liver matrix was prepared the day before each experiment from Wistar rats, according to Meezan et al (32) , with few modifications (33) . HAM was stored in PBS at 4˚C until use.
Hepatocyte culture. Hepatocytes were isolated from Wistar rats, as previously described (33) . Dispersed cells were seeded (1.6x10 5 /cm 2 ) into a 24-well plate, whose wells were uncoated or previously coated with HAM. Hepatocytes were cultured in Hepato-STIM medium for up to 9 days, the medium being changed every 24 h (33).
Cell proliferation. The proliferation rate of hepatocytes was evaluated at day 3, 5, 7 and 9 of culture, using a colorimetric immunoassay (Cell proliferation ELISA kit; Roche Molecular Biochemicals, Mannheim, Germany), based on the measurement of BrdU incorporation during DNA synthesis (34) . BrdU was added (10 μl/well of 10 mM BrdU solution in PBS, pH 7.4) to the cultures and cells were reincubated for 4 h at 37˚C, then the manufacturer's instructions were followed.
Reverse transcription (RT)-polymerase chain reaction (PCR).
RNA was extracted from hepatocytes cultured on plastic or HAM at day 3, 5, 7 and 9 (35, 36) , and PCR was carried out, as detailed previously (37, 38) , in a DNA Thermal Cycler (Perkin-Elmer Life Sciences, Milan, Italy). The following primers, designed to amplify a region of the rat albumin gene spanning exons G-H-I (39), were used: sense, 5'-GCAGAA ATCCCAGTGTCTCG-3' and antisense, 5'-CCAAGCTTCT CGTAAAGCTC-3' (345 bp). The amplification program was denaturation (94˚C for 60 sec), annealing (56˚C for 60 sec) and extension (72˚C for 60 sec) for a total of 30 cycles.
HAM implantation. Hepatocytes were cultured on HAM for 3 days, then HAM was lifted as a sheet by a sterile scraper and prepared for implantation. Gunn rats were anesthesized with tiletamine and zolazepam chloridrate (40 mg/kg) and xilazine chloridrate (2 mg/kg), and HAM alone (n=12) or hepatocyte (10 6 cells)-HAM sandwiches (n=13) were implanted in a subcutaneous pouch of their dorsal region (Fig. 1) . Control animals (n=10) were sham-operated. No immunosuppression therapy was used. Rats were killed 10 weeks after surgery.
Bilirubin serum concentration. Blood samples (600 μl) were collected from the tail vein of all rats 2 days before surgery and thereafter weekly until sacrifice. Bilirubin concentration was measured by a colorimetric method in the Laboratory of Analysis, Padua Hospital ULSS 16.
Histology. The liver and the cutaneous-subcutaneous tissue around the implants were examined. Samples were fixed in 10% neutral formalin and embedded in paraffin. Sections (~5 μm thick) were stained with hematoxylin-eosin or PAS to evaluate liver glycogen content. In the liver tissue, the extent of sinusoid congestion, necrosis, steatosis and glycogen content were evaluated, using the following 4-step (0-3) score: 0, absent; 1, mild or <30% of cells; 2, moderate or 30-60% of cells; and 3, severe or >60% of cells). In the cutaneoussubcutaneous samples, the presence of HAM or hepatocyte-HAM sandwich was assessed, together with the exent and type of inflammation.
Statistics. Values were expressed as means ± SD, and their statistical analysis was performed by ANOVA followed by the Bonferroni test.
Results
The proliferation rate of hepatocytes cultured on HAM was higher than that of hepatocytes cultured on plastic but, due to the very high variability, the difference reached significance only at day 3 of culture ( Fig. 2) . RT-PCR detected the expression of albumin mRNA in hepatocytes cultured on HAM (Fig. 3) , but not in those cultured on plastic (data not shown).
Baseline bilirubin serum concentration was similar in all groups of Gunn rats, and did not display significant changes in both control and HAM-implanted animals. In contrast, it steadily decreased from week 4 to 7 and then plateaued until week 10 in rats implanted with hepatocyte-HAM sandwiches (Fig. 4) .
Liver tissue showed a well-preserved architecture in all groups of Gunn rats, without relevant signs of sinusoidal congestion, steatosis and necrosis (Table I) . Glycogen stores were depleted in both groups of implanted rats as compared to control animals ( Table I ). The inflammation around implants was mostly of a mild degree (Fig. 5) , and no marked differences were observed in terms of extension and type of inflammation between HAM-and hepatocyte-HAMimplanted groups of rats (Table II) . Table I . Semiquantitative histological evaluation of liver in control and transplanted rats.
Discussion
- ----------------------------------------------------------------------------------------------------- function, is a 'bridge' until organ transplantation is possible or regeneration occurs (1) . Two fundamental requirements are needed for the success of hepatocyte transplantation: i) a minimum amount of hepatocytes, which may provide a sufficient metabolic support to the recipient; and ii) an adequate hepatotrophic stimulation of transplanted cells. Moreover, the location (orthotopic or heterotopic) of the implant is crucial for complete success (40) .
----------------------------------------------------------------------------------------------------Parameter Control rats HAM-implanted rats Hepatocyte-HAM-implanted rats (n=10) (n=12) (n=13) -----------------------------------------------------------------------------------------------------
A period of culture on a support providing hepatotrophic stimulation may allow an increase in the number and function of hepatocytes (41) . Several possible devices have been proposed, including the coating of culture dishes with extracellular matrix molecules (42) , the addition of growth hormones and cytokines to the culture medium (43) , and coculture with other cell types (44, 45) . Previous studies demonstrated that HAM favors the viability and the maintenance of metabolic functions (i.e. albumin and urea nitrogen production) of hepatocytes in primary culture (33) , and our present results confirm and extend this contention.
Hepatocytes have a huge capacity to proliferate in vivo, but their ability to grow in culture is limited (46, 47) . Our present findings, although affected by a great variability, indicate that HAM is able not only to maintain the viability of cultured hepatocytes, but also to promote their proliferation. However, this HAM effect is not very intense, and we are trying to ascertain whether the coculture with bone marrowderived stromal cells (48) is able to magnify it. Albumin is the predominant and characteristic product of the adult liver, and, therefore, its synthesis is a convenient example of controlled gene expression in fully differentiated hepatocytes (49) . Albumin has been previously detected in the medium of hepatocytes cultured on HAM (33), but it is essential to distinguish newly synthesized albumin from that released from dead hepatocytes (50) . The present demonstration where hepatocytes cultured on HAM expressed albumin mRNA indicates that they are actually able to synthesize this protein. Table II . Histological evaluation of the cutaneous-subcutaneous tissue around HAM and hepatocyte-HAM implants. Cutaneous necrosis/ulceration Absent 10 11
Data indicate the number of cases.
- ---------------------------------------------------------------------------------------------------- Taken together, the findings discussed above strongly suggest that hepatocytes cultured on HAM can be successfully used in transplants aimed to support impaired liver function, and we have verified this contention in Gunn rats, whose livers are genetically unable to conjugate bilirubin (26, 31) . We found that the implant of a hepatocyte-HAM sandwich is able to restore this liver function in the Gunn strain. Moreover, our hepatocyte transplantation technique has some advantages in comparison to the other techniques currently employed, and this will be briefly discussed below.
Hepatocytes with their support have been previously inserted either into the peritoneal cavity, which offers a large space for hepatocyte engraftment, but scarce attachment and survival of transplanted cells (27) , or into the liver after partial hepatectomy, which provides a favorable environment, but does not allow transplanted cells to be distinguished from those of the recipient (18, 51) . We chose to implant the hepatocyte-HAM sandwich in a subcutaneous pocket of the dorsal region of the Gunn rat, which offers some revelevant advantages, such as easy surgical technique and identification of the implanted hepatocytes.
The observation that most functional liver proteins are produced in great excess led to the assumption that the transplantation of only a small fraction of the total hepatocyte mass (~1-5%) should be able to correct many liver metabolic disorders. However, experimental and clinical studies did not meet this expectation (52) . The transplantation of a relatively large number of hepatocytes is needed, but this has been shown to require heavy immunosuppression (53, 54) . To overcome this difficulty, some investigators proposed the use of immunoisolated membranes enveloping hepatocytes, but this technique allows the implant of no more than 5.0-7.5x10 5 cells and the functionality of the implant lasts no longer than 30 days (55, 56) . In our study we successfully transplanted small amounts of hepatocytes (10 6 cells), which were able to partially restore the ability of the Gunn rat liver to conjugate bilirubin for at least 10 weeks. The antigenicity of our hepatocyte-HAM sandwiches is conceivably very low, inasmuch as only a mild inflammatory response without signs of rejection has been observed around the implants, even in the absence of immunosuppressive therapy.
Collectively, our findings lead us to conclude that the transplantation of hepatocytes cultured on HAM is a very reliable and promising technique allowing the long-term support of liver metabolic functions. However, it must be pointed out that restoration of bilirubin-conjugation activity occurs for no more than 40% after 7-10 weeks from transplantation. The possibility that this is due to a decrease in the activity of transplanted hepatocytes is unlikely, because the concentration of circulating bilirubin plateaus, but does not increase from the 7th to the 10th week after surgery. More probable is that too small a number of hepatocytes has been transplanted, and investigations aimed at checking this contention are currently under way.
